ABSTRACT III-V concentrator solar cells are starting to be commercialized. However, no complete studies about their reliability have been carried out. A review about both the accelerated ageing tests and real time tests developed till now is presented. A proposal about the required tests is also done. In this stage, the tests show that III-V concentrator cells are robust devices with MTTFs well over the expected ones (30 years).
Introduction
In recent years, significant advances have been made in the field of III-V concentrator solar cells, achieving peak efficiencies of 32.6% at 1000 suns for a double junction solar cell [1] and 41.6% at 364 suns for a triple junction solar cell [2] . These satisfactory efficiency results have crystallized into the first commercial ventures of Multi Junction Solar Cell (MJSC)-based Concentration Photovoltaic (CPV) systems [3] with the aim of achieving a notable reduction of the solar electricity cost. At present, there is a total amount of more than 6.5 MW of III-V MJSC-based CPV systems installed in the world [4] .
In parallel with such rapid evolution, a new qualification standard, namely the IEC62108, has been developed [5] in which the procedure for qualifying CPV systems and assemblies is described. However, such standard does not consider specifically concentrator solar cells and there is no other that defines their failure condition or power degradation. In addition, qualification is not the same as reliability. Qualification is a pass/fail testing, on the contrary, reliability testing forces the failure to determine when and why it happens.
In order to obtain CPV modules with a well-defined warranty to the customer, it is necessary to demonstrate the reliability of III-V high concentrator MJSCs. It is well known that silicon flat plate modules are very reliable systems capable of withstanding 25 years in field operation [6] . Nowadays, warranties offered by the manufacturers are about 25 years, but this value is expected to increase until 30 years in the near future [7] . If CPV systems are expected to be competitive with silicon flat plate modules, they must be capable of reaching similar warranties. Nevertheless, there are still many open questions regarding the reliability of MJSCs operating at high concentration that should be answered in order to give such warranty.
Although there are some preliminary results regarding the degradation of these solar cells [8] [9] [10] [11] , there is not enough accumulated experience to evaluate their reliability. The study of degradation is of great importance but it is important to keep in mind that reliability is a completely different issue [12] . For instance, in terms of degradation, typical studies found in PV related conferences consist in a set of solar cells introduced in a climatic chamber, the temperature is increased and the cells are biased to a specific current level, the number of failures is registered and the Mean Time to Failure (MTTF) is calculated with the following expression:
where t fI is the time of every failure and N F is the number of failures. In this case, the test is just a degradation limited in time study. In summary, most of the degradation tests only evaluate solar cell power in a very aggressive and disperse way. The objective of these tests is to compare qualitatively in a short period of time the new generations of MJSCs without any reliability analysis. The problem is that this kind of tests does not establish a correlation between the test time and the lifetime of the device. With degradation limited in time, it is not possible to determine in which particular period of the classical bath-tube curve (decreasing, constant or increasing failure time) is the device working at [12] . Unfortunately, CPV as a recent discipline has not the tradition of pure reliability including all its protocols, statistical methods, etc. Therefore, it is very common within the CPV field to fiend the use of sentences such as "reliability analysis" with the simple meaning of a set of degradation experiment in order to know if a given cell, system, etc. shows infant failures.
In order to clarify how a reliability test within the CPV field should be carried out, it is important to consider the following points: -V concentrator solar cells
1.
To define what reliability is. A good definition is that reliability is the probability that a component part, equipment, or system will satisfactorily perform its intended function under given circumstances, such as environmental conditions, limitations as to operating time, and frequency and thoroughness of maintenance for a specified period [13] . 2. To establish a test procedure in which the following tasks should be taken into account: (a) to define a failure criterion; (b) to apply a stress factor; (c) to carry out statistics, with the aim of getting the activation energy, the acceleration factor and the main reliability functions (reliability (R(t)), failure rate (1(C)) and MTTF).
Summarizing, the CPV reliability testing should be directed not only to determine how long devices are going to live, but also the way in which these devices are going to live. In other words, reliability is also interested in knowing the probability distribution of failure in nominal conditions of operation [12] .
A working plan has been defined to carry out the reliability assessment on GaAs single-junction solar cells as Fig. 1 shows [14, 12] . This plan which can be easily extended to MJSCs consists of real time tests and accelerated ageing tests. The accelerated tests allow to shorten the time to evaluate the reliability of a device; the real time tests allow to determine if the stress factor introduces failure modes that would never happen in real operation.
The similarities with High Bright Light Emitting Diodes (HB-LEDs)
One of the most suitable approaches for designing and manufacturing III-V MJSCs able to efficiently operate at ultra high concentrations (1000 suns or more) is to look at the LEDs. So we call it the "LED-like approach" [15] . In fact, the approach of manufacturing III-V MJCs in a similar manner to that of LEDs is being identified as one of the most solid ones for having success in reducing PV costs [16, 17] .
The increasing interest in a new illumination concept with solid state lighting technology, namely LEDs, is currently valuing the LED industry at about $2.5 bn, that is, similar to PV. Because both technologies are based on III-V semiconductors, the parallel growth of III-V PV and LED industries could help in reducing costs for both.
Although the boom in LED illumination is very recent, the "LEDlike approach" for III-V MJSCs has not been proposed so recently.
In fact, the use of optoelectronic technologies together with a decrease in the size of concentrator GaAs solar cells to about 1 mm 2 , as a way of reducing the cost of PV technology was proposed in 1997 [18] . When the MJSCs operate at concentrations in the range of 1000 suns, the advantages of a solar cell size of about 1 mm 2 are [19, 20] : (a) higher solar cell efficiency as a consequence of the trade-off between series resistance and recombination at the perimeter, (b) better heat extraction and (c) lower cost of the optics and encapsulation. From then on, several laboratories and pilot production lines have followed the "LED-like approach".
The biggest overlapping issues between LEDs and III-V MJSCs are [21]:
• Need for good crystalline quality of III-V semiconductor layers.
• Encapsulation.
• Antireflecting coating and passivation.
• Automated visual inspection.
• Thermal-mechanical modelling.
• Wafer bonding and substrate release.
• Reliability physics.
Consequently, the processes in the manufacture of HB-LEDs can be considered when manufacturing III-V MJSCs. The adaptation of LED manufacture to that of III-V cells can be summarized in the following steps:
• MOVPE growth of the semiconductor structure.
• Front grid definition through photolithography.
• Front and back metallic contacts: thermal or e-gun evaporation plus contact alloy.
• ARC deposition.
• Assembling and encapsulation: wire-bonding for the front, conductive epoxy or solder paste for back plus the use of other techniques, such as dicing, pick and place, etc.
Different aspects in the manufacture of MJSCs following the LEDlike approach can be seen in Fig. 2 . A direct consequence derived from using both similar LED's semiconductor materials and manufacturing steps is the achievement of similar prices for the MJCs [22] .
Considering all these similarities between HB-LEDs and small size III-V concentrator MJSCs, an analysis to determine to what extent III-V high concentration solar cells are stressed in comparison with LEDs has been carried out in a previous work [23] . As a result, it has been concluded that solar cells handle lower current densities than LEDs (about 15 A/cm 2 for MJSCs operating at 1000 suns in comparison with about more than 100 A/cm 2 for the HB-LEDs) and that solar cells are also expected to operate at their maximum power point for most of their useful life (i.e. the point at which the maximum fraction of the power is delivered to a load and thus the minimum fraction of the power is internally available for degradation).
In the same paper [23] , it was shown that in this situation, there is a higher stress on series resistance and a lower one on the junction. Therefore, a significant effort must be made to reduce the series resistance in order to decrease the degradation of the solar cells. The effect of temperature is less severe in MJSCs than in HB-LEDs. It was also concluded that encapsulating and protecting the solar cells against moisture is a must for obtaining highly reliable devices. Finally, a theoretical prediction showed that a MTTF as high as 10 5 h (this is equivalent to 34 years assuming 8h of average operation per day) could be reached for these solar cells [23] .
First reliability analyses based on temperature stress tests
After this prediction, the first reliability analysis derived from a stress-temperature ageing test performed on a III-V high concentrator solar cells was carried out in [24] . Unprotected single-junction GaAs solar cells were subjected to temperature stepstress ageing test in climatic chambers. Working conditions were simulated by forward biasing the 1 mm 2 solar cells at the same current level (250 mA, i.e. 25 A/cm 2 ) they would handle at the operating concentration (i.e. 1000 suns). Dark I-V curves were routinely registered during the test at the temperature of every step (90, 110, 130 and 150 °C, respectively). By using the method described in [25] , the experimental data recorded for the dark I-V curve were used to reproduce the illumination curve.
Data were analyzed according to the Weibull reliability function. This analysis yielded a lower value of the MTTF of 2.02 x 10 5 h (i.e. about 69.2 years assuming 8 h of average operation per day in a year) for a confidence interval of 90%. The activation energy was not determined in this test, but the selected value for the calculation of the acceleration factor (0.9 eV) can be considered to be a low value if compared to the literature for similar degradation mechanism in optoelectronic devices [24] .
The reliability at 25 years was higher than 65% (see Fig. 3 ). This is a low value for a solar cell, but that work dealt with devices manufactured in a research laboratory, therefore it could be considered as a promising result. Besides, the failure rate in the initial stage decreased very steeply. Then, the failure rate trends asymptotically to a saturation value as can be seen in the bottom of Fig. 3 . The failure rate estimation at 25 years is 1.67 x 10~6 failures/year, which is a promising result, mostly bearing in mind that the experiment was performed on uncoated and bare devices. In this sense, the origin of degradation was shown to be related with the appearance of short-circuits at the perimeter of the devices [24] .
A recent work has tried to circumvent the failure originated at the perimeter by protecting the cells with a transparent cover [26] . Once again small size (about 1 mm 2 ) GaAs single-junction solar cells were tested in order to compare them with the study in [24] but now the cells were coated with silicone to protect their perimeter which, in addition, reproduces the real situation of a cell inside a secondary optics in a concentrator.
The main conclusions of that work show that perimeter protection seems to be a good way of enhancing the reliability of the solar cells because no degradation is found related to short-circuits at the perimeter. Besides, the low degradation suggests a MTTF value one order of magnitude larger than the one obtained in the thermal stress step test [24] where the perimeter was uncoated. In the work of [26] a simple method based on a 3-D distributed model of the solar cells has been used for the failure analysis [27] which was also employed in [24] . As Fig. 4 shows, the degradation experimented by the solar cells is compatible with a decrease in the shunt resistance at the perimeter (from 1.0 x 10 5 to 1.8 x 10 1 £2/ cm) for the experiment described in [24] while in the work of [26] the degradation is much lower and compatible with an increase of the J 02 , per (2feI-recombination current density at the Therefore, additional type of test set must be developed. More specifically, laser soaking plus temperature tests must be properly defined and carried out [12] . In spite that the aforementioned works have established a proper methodology, failure criteria, etc. for determining the reliability of cells, the experiments have been carried out on GaAs single-junction cells. Accordingly, it is necessary to develop similar tests with MJSCs in order to detect anomalous origins of failure such as those detected when germanium is the substrate of the MJSCs [29] .
Reliability issues related with the receiver (solar cell inside the optical concentrator) include chip (solar cell) attachment, soldering voids, heat dissipation, light homogenization, etc. Degradation tests developed on these parts surrounding the MJSC such as those described in [30, 31] are required.
Real time tests
perimeter) from 2 x 10~1 2 to 8 x 10~1 2 A/cm and without short-circuits at the perimeter.
A step forward has been carried out in [28] where again small size GaAs solar cells protected with silicone where degraded at different temperatures and injection currents. At an injected current equivalent to 1050 suns and a temperature of 150 °C, a power degradation of 4% was observed after around 2000 h of accelerated test. Test is running but considering a nominal operation temperature of the cells of 65 °C, the test at 150 °C implies an acceleration factor of more than 800. Therefore, those solar cells operating 8 h/ day at 1050 suns would experiment a power degradation of 4% in more than 550 years.
In the same work, solar cells were also tested by injecting a current equivalent to 700 suns. The degradation at 1050 suns was four times higher than at 700 suns. The final objective of the work of Ref. [28] is the determination of the MTTF and R(t) function. For doing so, it is necessary to analyse the power evolution at other temperatures in order to validate the Arrhenius law.
Additional accelerated ageing tests
Consequently, III-V MJSCs operating at ultra high concentration seem to be very robust devices with much longer MTTFs than HBLEDs because operating conditions of solar cells are less demanding than those of LEDs. However, the results presented in [24, 26, 28] are based on tests in which the injected current does not cross all the parts of the device such as in photogeration conditions happens. Besides, there is no stress caused by illumination.
Finally, these accelerated ageing tests must be complemented with real time tests in which the different parts of the module and specially the concentrator MJSCs must be analyzed. To our knowledge, the first attempt has been carried out in [32] where a statistical model for assessing the reliability of a CPV module based on degradation data was presented. The model was applied to a CPV module manufactured specifically with the purpose of assessing its reliability.
For that test, a module composed of 32 GaAs single-junction solar cells with TIR (Total Internal Reflection) [33] optics was used.
The module was outdoor-tested for 7 months. This CPV module featured an assembly that allowed independent electrical access to every receiver contained therein. The evolution of each of these receivers was followed independently, avoiding the "hiding effect" in performance degradation that results from a single measurement of a series or parallel configuration in a conventional assembly. The module was mounted on a two-axis sun tracker installed on the flat roof of IES-UPM (see Fig. 5 ).
A data acquisition system was developed to periodically measure I-V curves of the solar cells. Irradiance and wind speed were obtained from the IES Meteorological Station [34] . The data acquisition system periodically recorded the following information:
• Illumination I-V curves of each individual solar cell every 15 min from 10:00 h to 17:00 h. • Dark I-V curves for each individual solar cell once a day at 02:00 h.
• Direct irradiance and ambient temperature data synchronized with the I-V curve measurement. Dark and illumination I-V curves were recorded to follow the evolution of the solar cells. The temperature of the modules was measured at the back of the device [35] .
The illumination I-V curves were normalized using the equations proposed by the Instituto de Sistemas Fotovoltaicos de Concentración (ISFOC) [36] . The normalized curves obtained by the method described were used to follow the power output of the solar cells and thus to obtain the main reliability functions [32] .
It was observed that the I sc suffered a strong decrease with time, whereas the variation in V oc was not significant. The resulting loss in power output was produced by degradation of the optics (bad sealing and misalignment). Optical degradation was evaluated by means of the I-V curves under illumination and visual inspection of the module. Solar cells did not suffer degradation during the test, as was determined by the analysis of the dark I-V curves.
The failure rate of the experimental module increased with time according to a degradation process. The MTTF (derived from the reliability function, see Fig. 6 ) yielded a value of 7080 h, which is extremely low compared to the expected lifetime of a photovoltaic system (~25 years). The manual assembly of the module in order to allow the independent access to each receiver was identified as the main reason for such a low value of the MTTF.
It is important to point out that the main purpose of that paper [32] was to present a model to determine the reliability and to provide a method to calculate the main reliability functions of CPV modules. As an example, the model presented in that work has been applied to a specific CPV modules. Therefore, the values of the main reliability functions are not significant. Once the way is shown, more tests must be done in the different existing CPV systems. In this sense, the valuable work developed at ISFOC (Puertollano, Spain) [37] on the global performance and reliability of complete systems seems to be key in order to get confidence in the III-V MJSCs-based CPV technology.
